Objective-The mechanisms that regulate the physical interaction of pericytes and endothelial cells and the effects of these interactions on interendothelial cell junctions are not well understood. We determined the extent to which vascular pericytes could regulate pericyte-endothelial adhesion and the consequences that this disruption might have on the function of the endothelial barrier. Methods and Results-Human retinal microvascular endothelial cells were cocultured with pericytes, and the effect on the monolayer resistance of endothelial cells and expression of the cell junction molecules N-cadherin and VE-cadherin were measured. The molecules responsible for the effect of pericytes or pericyte-conditioned media on the endothelial resistance and cell junction molecules were further analyzed. Our results indicate that pericytes increase the barrier properties of endothelial cell monolayers. This barrier function is maintained through the secretion of pericyte-derived sphingosine 1-phosphate. Sphingosine 1-phosphate aids in maintenance of microvascular stability by upregulating the expression of N-cadherin and VE-cadherin, and downregulating the expression of angiopoietin 2. Conclusion-Under normal circumstances, the retinal vascular pericytes maintain pericyte-endothelial contacts and vascular barrier function through the secretion of sphingosine 1-phosphate. Alteration of pericyte-derived sphingosine 1-phosphate production may be an important mechanism in the development of diseases characterized by vascular dysfunction and increased permeability. (Arterioscler Thromb Vasc Biol. 2011;31:e107-e115.)
T he unique structural organization of the retinal microvasculature, referred to as the blood-retinal barrier, is primarily responsible for the tight regulation of vascular permeability within this tissue. The foundation of the bloodretinal barrier is the monolayer of endothelial cells and the complex array of interacting proteins that form the interendothelial cell junctions. The principal proteins found in endothelial tight junctions are occludin and claudin-5, which create a tight seal so that water-soluble molecules cannot easily penetrate between the cells. [1] [2] Also contributing to the function of the blood-retinal barrier at the level of the endothelial junctions is the adhesive protein VE-cadherin that has been shown to interact closely with and regulate the function of the endothelial tight junctions. 3 The microvascular endothelial cells of the retina are further supported by interactions with other cell types including vascular pericytes and glial cells. It is well known that perictye-endothelial interactions are necessary for the development and maintenance of a functional microcirculation in many different tissues. 4 -6 Pericytes are recruited to newly formed capillaries by secretion of a platelet-derived growth factor by the endothelium. [7] [8] [9] The arrival of pericytes coincides with the production of basement membrane components by the endothelium, 10 and pericyte-endothelial cell contact results in the activation of transforming growth factor-␤ that inhibits endothelial cell proliferation. 11 Endothelial cell survival and vascular stabilization is further promoted by the production of angiopoietin-1 by perivascular cells that competes with endothelial cell produced angiopoietin-2 (Ang-2) for binding to the Tie-2 receptor. 12 The physical interaction of pericytes with endothelial cells has been reported to be mediated in part by N-cadherin. Stimulation of the sphingosine 1-phosphate (S1P) receptor on endothelial cells induces N-cadherin trafficking to the cell surface and promotes cell-cell interactions. [13] [14] A recent study also reports that Ephrin-B2/EphB interactions may also be important in pericyte-endothelial cell adhesion. 15 Disruption of pericyte recruitment and subsequent cell-cell interactions in genetically altered mouse models leads to an alteration of normal vascular structure and function during development. 5 In the adult, selective pericyte loss is the earliest histological change in diabetic retinopathy leading to capillary dysfunction, the development of retinal edema, and associated visual loss. 16 -19 One important consequence of pericyte loss in diabetes may be enhanced endothelial cell proliferation and angiogenesis. The alteration of pericyte/ endothelial adhesion may be mediated by elevated levels of Ang-2 that have been reported in the diabetic retina and vitreous. 20 -23 In diabetic experimental animals, pericyte loss appears to be preceded by alterations of vascular permeability suggesting that more subtle changes in endothelial-pericyte interactions might occur during the earliest stages of the disease. 24 -26 These changes may include the novel mechanism of pericyte detachment and migration that may be a precursor to the pericyte loss seen in the diabetic retina. 27 The mechanisms that regulate the interaction of pericytes and endothelial cells in the retinal microvasculature, and the factors involved in the local regulation of microvascular permeability in the retina have not been well-characterized. Therefore the purpose of this study was to determine the extent to which vascular pericytes could regulate pericyteendothelial adhesion and the consequences that this disruption might have on the function of the retinal endothelial barrier.
Methods

Cell Culture
Human retinal microvascular endothelial cells (ACBRI-181) and human retinal microvascular pericytes (ACBRI-183) were obtained from Cell Systems (Kirkland, WA). The Muller glial cell line MIO-M1 was obtained from the Institute of Ophthalmology, University College, London. Pericytes were determined to be positive for the expression of smooth muscle actin, desmin, and the plateletderived growth factor receptor (Supplemental Figure I , available online at http://atvb.ahajournals.org). Human retinal microvascular endothelial cells were grown on fibronectin-coated dishes in MCDB-131 supplemented with 10% fetal bovine serum, 10 ng/mL epidermal growth factor, 1 g/mL hydrocortisone, 0.2 mg/mL EndoGro, and 0.09 mg/mL Heparin (VEC Technologies, Rensselaer, NY) and used between passages 1 and 7.
Real-Time PCR
Total RNA was isolated from cells, converted to cDNA, and analyzed using the appropriate TaqMan assays. The relative levels of mRNA were determined by the comparative cycle threshold method with normalization to either GAPDH or 18s RNA.
Electric Cell-Substrate Impedance Sensing
Measurements of endothelial monolayer resistance were performed with the electric cell-substrate impedance sensing (ECIS) system Z (Applied Biophysics) as described previously. 20
Western Blotting
Cell extracts were prepared by lysing cells in 25 mmol/L Tris, 150 mmol/L NaCl, 10 mmol/L MgCl2, 2 mmol/L EDTA, 1% Triton-X 100, and 0.05 mmol/L orthovanadate. Lysates were centrifuged at 14,000 g for 10 minutes to collect the insoluble (membrane) fraction. The insoluble fractions were examined by Western blotting with antibodies to N-cadherin and VE-cadherin (Abcam, Cambridge, MA). Membranes were reprobed with antibody to ␤-tubulin (Abcam, Cambridge, MA) as a loading control. Blots were analyzed using an Odyssey Infrared Imaging System (LI-COR, Nebraska) to determine band density.
Immunofluorescence Microscopy
Isolated human retinal endothelial cells or cocultures of endothelial cells and pericytes were fixed in 3:1 methanol/acetic acid and washed extensively with PBS. The cells were stained with anti-Ncadherin antibody and anti-␣ smooth muscle actin for cocultures and examined by confocal microscopy using a Leica TCS SP5 microscope.
Statistical Methods
Unless otherwise indicated, the difference among means for all quantitative analyses were tested by one-way ANOVA and corrected using the Bonferroni's multiple comparison posttest. Differences among the means of individual groups were compared using the Bonferroni's multiple comparison posttest. Values for PϽ0.05 were considered significant.
See Supplemental Materials for an expanded Methods section.
Results
Pericytes Upregulate N-Cadherin and Increase the Barrier Properties of Endothelial Cell Monolayers
Several studies have reported on the role of pericytes as mediators of microvascular maturation and stabilization. This stabilizing effect of pericytes may require the physical interaction of pericytes with endothelial cells that has been postulated to be mediated by N-cadherin. The addition of a low density of pericytes (50 -100 cells/coverslip) to a pre-established monolayer of endothelial cells resulted in the increased expression of N-cadherin as seen by immunofluorescence staining ( Figure 1A and 1B). The upregulation of N-cadherin in endothelial cells can be seen in regions of the endothelial monolayer near where the pericytes have attached.
To determine whether pericyte-endothelial contact was required for the observed effects on endothelial cells, conditioned media from cultures of pericytes was added to endothelial cell monolayers. Increased N-cadherin expression was observed in endothelial cells by both immunostaining and Western blotting after the addition of pericyte conditioned media ( Figure 1C and 1D).
Pericytes were added to monolayers of endothelial cells at approximately a 1:1 ratio and the monolayer resistance was examined using ECIS. The addition of pericytes caused a significant increase in the resistance of the pre-established endothelial cell monolayer beginning approximately 6 hours after addition ( Figure 1E ). This effect was specific to pericytes, as the addition of other cell types (endothelial cells or the Müller glial cell line MIO-M1) had no effect on monolayer resistance. In the presence of pericytes, the endothelial cells reached a significantly higher maximum resistance over the 24-hour period compared to endothelial cells alone (Supplemental Figure IIA) . Changes in monolayer resistance could also be elicited independent of cell-cell contact by the addition of pericyte conditioned media suggesting that a secreted factor may be involved. This was again specific to the conditioned media from pericytes and resulted in a greater than 20% increase in monolayer resistance ( Figure 1F and Supplemental Figure IIB) .
To assess whether the expression of N-cadherin by endothelial cells is required for pericyte adhesion, a chimeric protein designed to block N-cadherin interactions (N-cadherin Fc) was added at the time of pericyte addition. In the absence of N-cadherin Fc, the pericytes attached and spread on the endothelial cell monolayer within 5 hours of plating ( Figure 2A ). When N-cadherin was blocked with the fusion protein, the pericytes were unable to attach and spread normally as evidence by an altered morphology characterized by cells with long thin processes and a significant decrease in average cell area ( Figure 2B and 2D). The effect of the blocker appeared to be transient as perictyes in treated cultures demonstrated a normal morphology after approximately 12 hours of culture ( Figure 2C ). The ability of pericytes to functionally increase the resistance of the endothelial cell monolayer was correlated with the adhesion and morphology of the cells ( Figure 2E ). Monolayer resistance remained at control levels for up to 8 hours after plating when cultures were treated with the N-cadherin Fc and pericytes exhibited altered morphology. Resistance gradually increased by 10 hours and continued to increase with time as the pericytes assumed a more normal flattened morphology.
Pericyte-Derived S1P Induces Adhesion Molecule Expression and Increases in Endothelial Barrier Properties
The majority of previous work has focused on the role of platelet-derived growth factor, transforming growth factor-␤, and the angiopoietins in recruiting pericytes, inhibiting endothelial cell proliferation and migration and stabilizing pericyte-endothelial interactions. 28 -31 Pericyte-conditioned media was added to endothelial monolayers in an ECIS assay in the presence of anti-transforming growth factor-␤ or the angiopoietin inhibitor Tie-2 Fc. Neither of these treatments inhibited the effect of the pericyte conditioned media on monolayer resistance ( Figure 3A and 3C).
We subsequently tested the hypothesis that the bioactive lipid S1P, that has previously been shown to mediate changes in endothelial barrier properties, 32-34 may be mediating the pericyte effect. The conditioned media of pericytes depleted of lipids failed to produce an increase in monolayer resistance in an ECIS assay (Supplemental Figure III) . In additional experiments, endothelial monolayers were treated with pericyte conditioned media in the presence or absence of S1P receptor antagonists. The addition of an antagonist of the S1P1 receptor (VPC23019) resulted in inhibition of the pericyte conditioned media effect with respect to monolayer resistance ( Figure 3B ). Monolayers exposed to pericyte conditioned media without any treatment or in the presence of an antagonist to the S1P2 receptor (JTE-013) showed normal increases in resistance. The maximum achieved resistance was quantified and found to be significantly reduced by inhibition of the S1P1 receptor ( Figure 3D ). In addition to inhibiting the increase in resistance, the S1P1 antagonist also blocked the pericyte conditioned media upregulation of N-cadherin expression as determined by immunostaining (Supplemental Figure IV) .
A role for S1P and S1P1 in the regulation of the endothelial barrier by pericytes was further examined by the selective knockdown of sphingosine kinase-1 and S1P1 in pericytes and endothelial cells, respectively. Pericytes treated with translation-blocking morpholinos demon- strated a significant reduction in the level of sphingosine kinase-1 protein ( Figure 4A ). The conditioned media from these cells had reduced levels of S1P as determined by ELISA (Supplemental Figure V) and failed to induce the increase in endothelial monolayer resistance compared to untreated pericytes or pericytes treated with a control morpholino ( Figure 4B and 4C) .
Similarly we were able to confirm the role of S1P1 in mediating the pericyte effects. Endothelial cells were treated with translation-blocking morpholinos and demonstrated a reduction in the levels of S1P1 protein ( Figure 4D ). When these cells were treated with normal pericyte conditioned media, the cells demonstrated a significantly reduced response in terms of monolayer resistance compared to untreated endothelial cells or cells treated with the control morpholinos ( Figure 4E and 4F) .
The secretion of S1P by pericytes was further supported by the presence of the enzyme responsible for the production of S1P, sphingosine kinase-1, in cultured cells. Sphingosine kinase-1 was detected in extracts of pericyte cells and was absent from the conditioned media (Supplemental Figure VI) . The S1P in the pericyte-conditioned media was measured by ELISA and found to be present at a concentration of approximately 181ϩ/Ϫ31 nmol/L in 1ϫ10 6 cells (Supplemental Figure V) .
S1P Affects the Resistance of the Endothelial Cell Barrier Through the Regulation of Adhesion Proteins and Ang-2 Expression
Isolated endothelial cells were subsequently treated with purified S1P and found to significantly increase the expression of the adhesion molecules N-cadherin and VE-cadherin. For both of these adhesion molecules, increases were seen in mRNA levels as well as the level of protein associated with the cell membrane ( Figure 5 ). The role of these proteins in mediating the endothelial cell barrier properties was investigated by ECIS. Endothelial cells plated onto ECIS electrodes in the presence of N-cadherin Fc or cells treated with N-cadherin morpholinos developed a level of monolayer resistance equivalent to that of cells without treatment ( Figure  6 ). On the contrary, the monolayers in the presence of VE-cadherin Fc did not achieve the maximum level of resistance seen in untreated or N-cadherin Fc-treated cells and demonstrated a significant destabilization of the barrier over time. This result suggests a primary role for VE-cadherin in production of the endothelial barrier resistance and suggests that the function of N-cadherin may be restricted to facilitating endothelial-pericyte interactions.
The integrity of the endothelial barrier can also be effected by various growth factors. Previous studies have demonstrated that Ang-2 is a potent destabilizer of existing microvessels by antagonizing the effects of angiopoietin- 1. 12, 35, 36 We have recently reported that Ang-2 effectively decreases the endothelial barrier properties in an ECIS assay. 20 Low levels of Ang-2 expression would therefore be expected to promote a quiescent microvasculature and the maintenance of normal barrier properties. Endothelial cells treated with S1P demonstrated a significant decrease in the level of Ang-2 mRNA as compared to untreated cells (Supplemental Figure VII ) further suggesting an important role for the pericyte produced S1P in the regulation of microvascular permeability.
Discussion
Pericytes play an important role in the formation, maturation, and maintenance of the microvasculature. In adult tissues, pericytes are contractile cells that are postulated to regulate regional flow through the microcirculation. 37, 38 The vascular beds found in the nervous system, in which vascular permeability is limited, have a ratio of pericytes to endothelial cells that is much higher than that found in tissues with normally higher levels of permeability. 39 -41 In addition to the number of pericytes present, the degree to which the pericytes physically interact with the endothelial cells also varies in different tissues and may impact the function of the microcirculation in that area. 42 For example, the degree of pericyte coverage of the retinal capillaries is greater than that seen in other tissues (the reported endothelial to pericyte ratio is 1:1), and thus probably provides greater integrity to the retinal microcirculation. 43 The physical interaction of pericytes with endothelia establishes junctional contact between the cells that includes the adhesion protein N-cadherin. 13, 44 In the present study we have demonstrated that the interaction of pericytes with endothelial cells in coculture upregulates the expression of N-cadherin in endothelial cells as determined by immunostaining. The expression of functional N-cadherin is required for the normal attachment and spreading of pericytes on the endothelial cell monolayer. A similar observation was made by Paik et al 14 using immortalized embryonic endothelial cells treated with siRNA to knock down N-cadherin and a smooth muscle cell line. In the present study, disruption of N-cadherin using the N-cadherin Fc chimera resulted in dramatic shape changes in the retinal pericytes that were eventually normalized over time, possibly due to the turnover and synthesis of new N-cadherin or loss of activity of the N-cadherin Fc. There is little knowledge about the role of N-cadherin in vivo in the retinal vasculature, except for the report by Gerhardt and collegues that describes the punctate presence of N-cadherin associated with the ablumenal endothelial membrane in the brain and retina of the chicken. 13 Preliminary studies from our laboratory have detected N-cadherin by Western blotting in isolated vessels from the mouse retina (unpublished data) suggesting that it may also play an important role in endothelial-pericyte interactions in vivo.
The addition of pericytes also significantly increased the barrier properties of the endothelial cell monolayer over time. The first significant change in monolayer resistance was detected beginning approximately 5 hours after the addition of pericytes. This coincided with the timing of pericyte attachment and spreading on the endothelial monolayer. The ability of pericytes to increase the barrier was associated with functional N-cadherin interactions and the shape of the pericytes. The addition of N-cadherin Fc dramatically altered the shape of the pericytes and their ability to form extensive contact with the endothelial cells. These pericytes also lost the ability to modulate the barrier. This effect appeared to be only transient and was associated with the altered pericyte cell shape as an increase in the barrier resistance was realized over time as the pericytes attained a more normal flattened morphology typical of untreated cells.
The ability of pericytes to modulate N-cadherin expression and the barrier properties of the endothelial cells was not dependent on cell contact as the conditioned media from pericytes alone had the same effect, suggesting the presence of a pericyte-secreted factor. Subsequent experiments determined that the factor produced by the pericytes was S1P and that it was exerting its effects on the endothelial cells through activation of the S1P1 receptor. A recent study by Zachariah and Cyster 45 is the only study to date to demonstrate a pericyte-derived source of S1P. In this study the S1P produced by the neural crest-derived pericytes of the thymus may be acting as a chemoattractant for the SIP1 expressing Values for pericyte CM, Tie-2 Fc, and anti-TGF-␤ are significantly greater than HREC alone at all time points beginning at 4 hours. B, HREC monolayers incubated with pericyte CM alone or with the S1P1 antagonist VPC23019 (0.3 mol/L), or the S1P2 antagonist JTE-013 (1 mol/L). Values for pericyte CM and S1P2 antagonist are significantly greater than HREC alone and S1P1 antagonist at all time points beginning at 4 hours. C, D, Quantitation of percent change in resistance compared to basal level at time 0. *Significantly greater than HREC alone (PϽ0.001). **Significantly less than pericyte CM and pericyte CMϩS1P2 antogonist (PϽ0.05).
thymic cells leading to their perivascular accumulation and subsequent egress. The present study is the first to demonstrate the secretion of S1P by retinal-derived pericytes supporting this unique function for pericytes and suggesting that it may be generalizable to multiple microvascular beds. We measured S1P production directly by ELISA and found it to be in the range of 180 nmol/L in cultures of approximately 1ϫ10 6 cells. This, together with the detection of high levels of sphingosine kinase-1, strongly suggest that retinal vascular pericytes produce S1P. Current studies are underway to correlate these findings with the in vivo situation by determining the localization of S1P in the retinal vasculature and by selectively knocking down the expression of S1P1 and sphingosine kinase-1 in the retina using Cre-lox technologies.
Previous studies have demonstrated that S1P is also present at high levels in the human plasma (300 -500 nmol/L) and has been reported to be produced by platelets, 46 red blood cells, 47 and endothelial cells. 48 Although there are high levels of S1P in the plasma, studies report that the majority of the plasma S1P may be buffered by binding to lipoproteins, decreasing its ability to stimulate cell surface receptors 49 -51 and suggesting that the localized production of S1P by pericytes may be an important source for regulation of endothelial cell function. Such a role for pericyte-derived S1P would require the expression of S1P1 receptors on the extracellular or basal surface of the endothelial cells. A recent study has in fact confirmed that brain endothelial cells express high levels of S1P1 on the basolateral surface of the cell in culture. 52 An interesting finding in our studies was the correlation of pericyte morphology with the ability of these cells to enhance the endothelial barrier. S1P production may be reduced in the N-cadherin Fc-treated cells and additional studies are ongoing to determine if the expression and/or activity of sphingosine kinase in pericytes is regulated in part by cell shape. Numerous reports are present in the literature that demonstrate a correlation between gene expression and cell 
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shape. [53] [54] [55] If this is the case, one might expect that conditions that alter the stable interaction of pericytes with endothelial cells in vivo, including the turnover or downregulation of N-cadherin expression, might lead to alterations in pericyte morphology, S1P production, and changes in microvascular permeability. Previous studies have reported on the role of S1P as a regulator of endothelial barrier function. These studies dem-onstrated the reorganization of the actin cytoskeleton and the formation of focal adhesion-adherens junction complexes associated with changes in monolayer resistance within 5 to 60 minutes after the addition of purified S1P. 56 -58 This rapid cellular response, mediated by the S1P1 receptor involves several possible downstream signaling molecules including Rac, ERK, and PI3 kinase. 59 -62 In the present study we were unable to detect changes in resistance before approximately 5 hours after the addition of pericytes or pericyte conditioned media. These differences may be due to differences in the effective S1P concentration used for stimulation. In addition we observed increased expression (mRNA and protein) of both N-cadherin and VE-cadherin in endothelial cells 6 hours after the addition of pericyte conditioned media or purified S1P suggesting that the sustained increase in monolayer resistance seen in this study may be due to the increased expression and maintenance of cell junction proteins. The contribution of these proteins to the formation of the endothelial barrier resistance was assessed using Fc fusion proteins or morpholinos. Results from these experiements suggest that the initial formation and long-term maintenance of increased endothelial resistance is only dependent on the activity of VE-cadherin and that N-cadherin expression may function solely for the purpose of maintaining normal endothelial cell-pericyte interactions.
Pericyte-endothelial interactions also appear to be effected by the levels and activity of angiopoietin-1 and Ang-2. The constitutive secretion of angiopoietin-1 in normal quiescent vessels is thought to stabilize the vessels in part by maintaining contacts between endothelial cells and between endothelial cells and pericytes. 63 Ang-2 is thought to antagonize the action of angiopoietin-1 leading to vessel destabilization. 12 Figure 5 . Purified sphingosine 1-phosphate (S1P) increases the expression of adhesion proteins in human retinal endothelial cells. Confluent human retinal endothelial cells (HREC) monolayers were incubated for 12 hours in the presence of S1P and collected for PCR and Western blotting. Both N-cadherin mRNA (A) and VE-cadherin mRNA (D) were signficantly upregulated in S1P-treated cells in a dose-dependent manner. Representative Western blots for N-cadherin (B) and VE-cadherin (E) from HREC incubated with 10 mol/L S1P demonstrate increased protein associated with the insoluble membrane fraction of the cells. Quantitation of band density normalized to tubulin levels indicates a significant increase in both N-cadherin (C) and VE-cadherin (F) proteins. *Significantly greater than untreated and 1 mmol/L (PϽ0.01).
Figure 6.
The adhesion proteins N-cadherin and VE-cadherin have different functions in establishment and maintenance of the endothelial cell barrier. A, Western blot for N-cadherin in human retinal endothelial cells (HREC) treated with N-cadherin morpholinos or control morpholinos. B, Morpholino-treated HREC or untreated HREC were plated onto electric cell-substrate impedance sensing (ECIS) electrodes in the absence or presence of N-cadherin Fc (0.5 g/mL) or VE-cadherin Fc (0.5 g/mL) and the developing resistance was monitored. The decreased expression of N-cadherin or the addition of N-cadherin Fc had no effect on the resistance that developed over the subsequent 6 hours compared to control cells. Cells incubated with VE-cadherin Fc demonstrated significantly less resistance at all time points beginning at approximately 20 minutes after plating and continued to decrease for more than 5 hours.
Ang-2 expression is increased in the retinas of diabetic animals, decreases the barrier properties of the endothelial monolayer and is postulated to lead to the loss of vascular pericytes and subsequent retinal vascular dysfunction. 20, 22, 63 The effect of Ang-2 in leading to a reduction of pericyte coverage of retinal capillaries may not be solely due to the induction of pericyte apoptosis. Work by Pfister et al 27 has reported that Ang-2 can induce more subtle changes in pericyte attachment and migration on specific regions of the capillary network that may lead to alterations in endothelial cell behavior. In the present study we have observed that S1P can downregulate the expression of Ang-2 by endothelial cells. This finding suggests that in normal circumstances the retinal vascular pericytes may play an important role in the maintenance of pericyte-endothelial contacts and therefore vascular barrier function through the secretion of S1P. Further studies are in progress to determine if one consequence of diabetes is the alteration of pericyte S1P production that might contribute to alteration of the endothelial cell-cell junctions and breakdown of the blood-retinal barrier. Results from these experiments provide a possible mechanism involved in the pathogenesis of diabetic retinopathy and may provide a novel target for the development of new therapies for this disease.
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